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Abstract
The application of isotopic ratio mass spectrometry to archaeological science has produced many important
contributions to the study and understanding of ancient human and animal populations. Paleodietary
reconstruction through the analysis of stable isotope ratios in skeletal, dental, and soft tissue remains presents
another avenue for interpreting the past. The methodology employed to obtain isotopic data from
archaeological remains directly influences the types of questions that can be addressed and the interpretation
of the data. Furthermore, there are fundamental idiosyncrasies of archaeological specimens and their ante-
and post-mortem environments that may influence the results of an isotopic study. This paper explores the
ways in which the stable isotopic signatures of carbon and nitrogen in type I collagen in archaeological bones
and teeth are formed, modified, or destroyed throughout life and in the post-depositional environment. For a
comprehensive review of the methodological and interpretive implications of paleodietary reconstruction
using stable isotopic analysis, see Ambrose (1993).
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Introduction 
The paleodietary reconstruction 
method of stable isotope analysis is an 
invaluable tool for archaeologists. It has 
been used for the reconstruction of 
microenvironments, human mobility, 
nutrition and disease, status differentiation, 
and the role of seasonality in human 
mortuary practices (Ambrose 1993, 1998; 
Katzenberg and Lovell 1999; Williams 
2008). Stable isotope signatures can also be 
used to answer questions about the 
migration, ecology, ritual involvement, and 
domestication of animals (Burleigh and 
Brothwell 1978; Wassenaar 2008; White et 
al. 2001). Morris, White, Hodgetts, 
Longstaffe, and Booth (unpublished data) 
use the diets of domesticated dogs (Canis 
familaris) as a proxy for studying the diets 
of their human keepers. The analysis of 
stable carbon and nitrogen isotope ratios 
from bone and dentinal collagen is useful for 
reconstructing the relative dependency on 
types of dietary foods. For instance, stable 
isotopic analysis of type I bone collagen has 
provided biochemical evidence for 
understanding the rise and spread of maize 
agriculture across the Americas (Bender et 
al. 1981; Katzenberg et al. 1995; Schwarcz 
et al. 1985; Vogel and van der Merwe 1977). 
Molecular, physiological, and environmental 
factors can influence the carbon and 
nitrogen isotope compositions of 
archaeological collagen. It is crucial for 
archaeologists to understand the 
multifactorial processes that may influence 
the isotopic signatures of ancient tissues and 
their implications for paleodietary 
reconstruction using bone or dentinal 
collagen in order to produce and interpret 
isotopic data in a meaningful way. This 
paper reviews many of the molecular, 
ecological, and environmental factors that 
can dramatically impact the relationship 
between the isotopic compositions of food 
sources and their consumers, specific to 
humans and archaeological fauna. 
 
Theoretical Background of Stable Isotopes 
in Archaeological Science 
The basis for stable isotope analysis 
stems from the observation that atoms may 
differ in their atomic weight due to a varying 
number of neutrons within the nucleus (Nier 
and Gulbransen 1939). Atoms of a single 
element with varying atomic mass are 
referred to as isotopes, which have 
measurable quantitative differences in 
reaction rate and bond strength (Sulzman 
2007). The molecular composition of the 
tissues within an organism is in part a 
product of its dietary sources of various 
elements metabolised during its lifetime. 
Because they do not decay over time, stable 
isotopes can be used to infer dietary 
behaviour based on the molecular 
composition of ancient tissue (Ambrose 
1993). The relative abundances of stable 
carbon and nitrogen isotopes are the 
foundation of paleodietary reconstruction 
using bone and dentinal collagen. 
There are three mutually exclusive 
photosynthetic pathways used by plants: the 
Calvin (C3) cycle, the Hatch-Slack (C4) 
pathway, and Crassulacean acid metabolism 
(CAM) (O’Leary 1981; Smith and Epstein 
1971). Each of these pathways metabolise 
atmospheric CO2 during photosynthesis in 
radically different ways, producing different 
fractionations of carbon isotopes. 
Fractionation is the non-linear transfer of 
isotopes from the source to the product; 
fractionations are the variable results of this 
process (Sulzman 2007). Due to quantitative 
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differences in velocity and bond strength, 
molecules will typically discriminate against 
the heavier, slower isotopes in producing 
compounds, leading to different 
fractionations of carbon isotopes relative to 
their source of carbon (Ambrose 1993; 
Marshall et al. 2007). The amount of 13C 
relative to 12C, or the δ13C value, is a 
measure of relative dietary dependence on 
C3- and C4-based foods (Marshall et al. 
2007). Both C3 and C4 plants are 13C-
depleted relative to their source of inorganic 
carbon (atmospheric CO2), but C3 plants are 
much more depleted than C4 plants 
(Bocherens et al. 2000). O’Leary (1988) 
shows that the distribution of the δ13C values 
of C3 and C4 plants is bimodal, with 
average values of -27.1 ± 2.0‰ and  -13.1 ± 
1.2‰, respectively (Bocherens et al. 2000). 
As a result, the carbon isotope compositions 
in ecosystems primarily reflect the types of 
plants and environmental parameters 
forming the basis of the food webs 
(Bocherens et al. 2000). DeNiro and Epstein 
(1981) note that the relative dependency of 
C3 versus C4 plants should therefore be 
represented in the δ13C values of the tissues 
of their consumers. Maize is historically the 
dominant C4 plant in North America (van 
der Merwe and Vogel 1978). Maize 
originated in hot and dry areas and spread 
north in antiquity through cultural 
interactions and the adoption of agriculture 
(Tykot 2006). The changes in the relative 
dependency on C4 foods represented in 
human skeletal remains have allowed 
archaeologists to track the spread and 
intensification of maize agriculture 
throughout North America (Katzenberg et 
al. 1995; Schwarcz et al. 1985; Vogel and 
van der Merwe 1977).  
The proportion of 15N relative to 14N 
isotopes, or the δ15N value, in the tissues of 
plants and animals can be used to assess 
trophic level distinctions, nursing and 
weaning behaviours, consumption of 
specific plant types, and various kinds of 
prolonged nutritional stresses. Both 
herbivores and carnivores are enriched in 
15N relative to their dietary source of 
nitrogen by approximately 3‰ due to 
fractionation during metabolism and tissue 
synthesis (Katzenberg 2000). DeNiro and 
Epstein (1981) demonstrate that animals 
appear to incorporate dietary 15N 
preferentially over dietary 14N. The 
enrichment of 15N in tissues relative to their 
dietary source progresses across successive 
trophic levels. As a result, the δ15N value 
indicates the trophic level of an animal in a 
specific ecosystem. This trophic level effect 
also applies to infants consuming breast 
milk.  
When breast milk is the primary 
source of nourishment for an infant, there 
will be an enrichment of 15N due to a trophic 
level effect because the infant is consuming 
its mother’s tissues in the form of breast 
milk (Jenkins et al. 2001; Metcalfe et al. 
2010). There is no enrichment of 13C in the 
offspring relative to its mother because 
breast milk is mainly composed of lipids 
that are 13C-depleted relative to the blood 
plasma of the mother (Jenkins et al. 2001). 
Due to fractionation during the metabolism 
of dietary carbon, there is approximately 
5‰ enrichment of 13C in the tissues of their 
consumers (van der Merwe and Vogel 
1978). This negates any enriching effect on 
the δ13C values of tissues in the infant; 
however, this model does not account for the 
routing of certain dietary proteins and amino 
acids to collagen biosynthesis, so small 
differences may persist (Metcalfe et al. 
2010; Schwarcz 2000).  
The δ15N values of bodily tissues can 
be used to indicate the timing and duration 
of nursing and weaning in infants. 
Moreover, in some animals there are certain 
tissue structures that synthesise during a 
restricted time period that coincides with 
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nursing such as enamel and dentine (Linde 
and Goldberg 1993). This means that the 
δ
13C and δ15N values of dentinal collagen 
will likely reflect the diet of the individual’s 
mother throughout the nursing stage while 
the carbon and nitrogen isotope 
compositions of bone collagen reflect 
cumulative dietary history, excluding the 
effects of fractionation. The δ15N value of 
collagen is also related to the consumption 
of certain plant types. Legumes have a 
symbiotic relationship with bacteria of the 
genus Rhizobium. These bacteria live in the 
roots of the plants and fix nitrogen from 
surrounding soils, making the nitrogen 
available to the plant (Katzenberg 2000). As 
a result, leguminous plants have δ15N values 
closer to atmospheric nitrogen whereas other 
plants are much more enriched in 15N. This 
allows the relative abundance of leguminous 
plant consumption to be studied isotopically.  
 
Type I Collagen Molecular Structure and 
Biosynthesis 
 Type I collagen (which will hereafter 
be referred to as collagen) is a structural 
protein found in bones and dentine. In 
bones, collagen is continually synthesised 
and resorbed throughout the lifetime of an 
individual. Hypothetically, the enzymes 
secreted by osteoclasts during bone 
resorption may preferentially liberate 
molecules composed of lighter isotopes, 
which can alter the δ13C and δ15N values of 
bone collagen. Rates of cellular turnover in 
bones vary spatially between skeletal 
elements and within single bones. This 
variance may result in fractionations of the 
stable isotope composition specific to 
skeletal features. Dentine is normally not 
remodelled following mineralisation, 
although there is some addition of secondary 
dentine after dentinogenesis. Tertiary 
dentine may also form in response to 
varying external stimuli such as irritants or 
trauma (Linde and Goldberg 1993). Some 
estimates state that collagen accounts for 
approximately 30% of the mass of bones 
and only about 20% of mass in dentine 
(Ambrose 1990; Davis 1987; Linde and 
Goldberg 1993). Approximately 65% of the 
carbon content in collagen is derived from 
intact amino acids in dietary protein 
(Ambrose 1993; Schwarcz 2000). The δ13C 
and δ15N values in collagen are a function of 
its amino acid composition (Ambrose 1993; 
Harbeck and Grupe 2009). Glycine 
(NH2CH2COOH) is the primary constituent 
of collagen and accounts for 33.4% of its 
mass, but contributes only 17.5% of its 
carbon and 28.2% of its nitrogen (Harrison 
and Katzenberg 2003). Glycine is a non-
essential amino acid for most organisms 
meaning it is synthesized within the body 
(Tuross et al. 1988).  
The source material of carbon for 
biosynthesis influences what portions of the 
diet are represented in the stable carbon and 
nitrogen isotope compositions of specific 
tissues. Structural carbonate in 
hydroxylapatite is derived from bicarbonate 
in the serum, specifically blood plasma CO2, 
which is largely derived from the 
metabolism of carbohydrates (Ambrose and 
Norr 1993; Harrison and Katzenberg 2003). 
Collagen derives its carbon from ingested 
and synthesised amino acids (Harrison and 
Katzenberg 2003; Schwarcz 2000). As a 
consequence of its biosynthesis process, 
collagen is more representative of the 
protein portion of the diet rather than the 
bulk metabolic carbon pool (Ambrose and 
Norr 1993). Carbohydrates, lipids, and 
proteins not used in protein synthesis are 
less represented in collagen than in 
structural carbonates due to the routing of 
certain amino acids described by Schwarcz 
(2000).  
Harrison and Katzenberg (2003) 
maintain that animal protein is likely to 
make a greater contribution to collagen 
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synthesis due to its amino acid composition, 
whereas only some of the amino acids from 
plant tissues will contribute. Harrison and 
Katzenberg (2003) observed that the δ13C 
values of collagen samples falling within a 
range of -20 to -17‰ had corresponding 
carbonate δ13C values in the range of -14 to -
9‰. The relative abundance of 
carbohydrates in the diet is less strongly 
represented in collagen than in the mineral 
phase of bones and dentine. Furthermore, 
the δ13C and δ15N values of collagen may 
over-represent the dietary importance of 
animal proteins enriched in 13C or 15N 
relative to low protein plant foods that are 
enriched in 13C such as maize. Such 
considerations are essential to the 
interpretation of the carbon and nitrogen 
isotope compositions of collagen, especially 
when attempting to reconstruct the dietary 
importance of low protein foods. When 
possible, stable carbon and nitrogen isotopic 
analyses of collagen should be interpreted 
alongside complementary carbonate data. 
However, the carbon isotope composition of 
structural carbonate in bones overestimates 
the proportion of 13C in the diet by 
approximately 5‰ (van der Merwe and 
Vogel 1978). Typically, the δ13C value of 
collagen provides a lower limit of the 
relative dependency on C3 and C4 foods, 
whereas the δ13C value of carbonate 
provides an upper limit, with the real value 
likely falling within that range. 
 
Physiology and Dietary Ecology 
 The relationship between the isotopic 
signatures of dietary elements and their 
consumers varies consistently across 
species. The different biochemical fractions 
that occur in an organism’s body also vary 
in carbon and nitrogen isotope composition 
due to fractionation during metabolism 
(Bocherens et al. 2000). Among other 
factors, Froehle et al. (2010) note that 
habitat, body size, and digestive physiology 
may confound the relationship between diet 
and tissues; however, they maintain that 
when the protein source is controlled, body 
size does not contribute to this relationship. 
When diet is unknown, but potentially non-
monoisotopic, the δ13C value of collagen 
does not give a strong indication of the δ13C 
value of diet (Froehle et al. 2010). Ambrose 
and Norr (1993) show that as diet varies, so 
should the spacing between the δ13C values 
of collagen and diet as well as collagen and 
carbonate. This spacing is a consequence of 
the metabolic pathways used in the 
biosynthesis of collagen and carbonates as 
described previously (Harrison and 
Katzenberg 2003; Schwarcz 2000). When 
there is a higher proportion of protein in the 
diet, there is greater congruence between the 
isotopic signatures of collagen and diet 
(Froehle et al. 2010). Substantial variations 
may also occur in the δ13C and δ15N values 
resulting from nursing and weaning, both 
between and within species (Jenkins et al. 
2001). Ultimately, the dietary ecology of an 
organism is restricted by the environmental 
parameters in which it grows, develops, and 
lives. Microenvironments can be the source 
of substantial isotopic variation and 
contribute to a variety of nutritional stresses 
that alter the isotopic signatures of plants 
and animals. 
 
Environmental Contributions to Stable 
Isotope Ratios 
The environmental parameters 
during the life of an organism can impact the 
stable isotope composition of its tissues. 
Bocherens et al. (2000) outline some of the 
local environmental factors that may 
influence the carbon isotope signatures of 
plants and their consumers. In closed forest 
environments, the inorganic source of 
carbon (atmospheric CO2) for under-storey 
plants is 13C-depleted relative to the general 
atmosphere. The depletion is a result of 
respiration by animals and the 
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decomposition of organic matter. Moreover, 
in environments with low light intensity, the 
δ
13C values of plants may be as low as or 
lower than -30‰. Conversely, water and 
saline stress environments lead to less 
isotopic fractionation in C3 plants resulting 
in δ13C values as high as -20‰.  
Katzenberg (2000) notes that there is 
more variation in the δ13C values of 
freshwater plants and fish than terrestrial 
flora and fauna.  Unlike terrestrial plants, 
freshwater plants have varying sources of 
carbon that include atmospheric CO2, CO2 
in the water, bicarbonate and carbonate from 
rocks and soils, and organic carbon from 
waste and decomposing plant and animal 
remains (Katzenberg 2000). Additionally, 
carnivorous species of freshwater fish are 
enriched in both 13C and 15N due to the 
consumption of higher trophic level 
proteins. In diets consisting of both fish and 
plants, the routing of carbon atoms during 
collagen biosynthesis results in the over-
representation of the proteins of fish 
enriched in 13C in the carbon isotope 
composition of collagen relative to the 
proteins in C4 plants (Schwarcz 2000). 
Marine and coastal environments can further 
confound interpretations of isotopic data 
because of the variable isotopic signatures of 
ocean flora forming the basis of the food 
webs. Marine fauna have an average δ13C 
value of about -15‰, with values becoming 
more negative with decreasing ocean 
temperatures (van der Merwe and Vogel 
1978). In coastal environments, the 
fertilization of crops using seabird guano 
may greatly influence the nitrogen isotope 
composition of harvested plants by 
introducing large quantities of exogenous 
nitrogen into the soils. Szpak et al. (2012) 
show that the fertilization of maize with 
seabird guano can dramatically affect its 
δ
15N value and by extension, the tissue of its 
consumers. Environmental parameters are 
an essential consideration in the 
interpretation of any isotopic dataset due to 
their profound and multiple effects on the 
isotopic signatures of plants, animals, and 
their human consumers. 
 
Post-Mortem Alteration 
 Taphonomic processes during the 
inhumation period of skeletal remains can 
affect bones and teeth, both structurally and 
chemically. Collins et al. (2002) and Hedges 
(2002) demonstrate that taphonomic 
degradation of remains can lead to structural 
changes, both macro- and micro-scopically, 
or even a complete loss of molecules. 
Chemical changes to archaeological 
collagen frequently occur due to microbial 
activity, hydrolysis, or soil pH. Gillespie et 
al. (1984) note that archaeological bones 
often contain exogenous nitrogen from 
sources such as humic acids, soil amino 
acids, or fertilizers. Structural changes may 
influence the rate and degree of post-mortem 
chemical alterations as well. For instance, 
increases in micro-porosity, or distortion of 
the crystalline structure of hydroxylapatite 
in bones, correlates negatively with the 
preservation of collagen. Nielsen-Marsh et 
al. (2000) argue that microbial degradation 
of collagen heavily relies on the initial 
breakdown of the inorganic matrix to permit 
access for bacteria and fungi.  
 Hedges (2002) states that the 
majority of collagen loss in archaeological 
remains is due to microbial activity. 
Severely affected bone can lose over 80% of 
its collagen. Bacteria and fungi in 
surrounding soils produce collagenases, 
which break down bone collagen and 
liberate organic carbon and nitrogen to the 
microorganisms (Pate 1994). Mayer (1994) 
notes that the organization of proteins such 
as collagen within hard tissues inherently 
protects them from microbial enzymolysis 
until the mineral structure has been altered. 
Changes in the diameter of micro-pores 
permit access to large molecules such as 
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collagenases. The integrity of the micro-
porosity of bones physically restricts the 
enzymatic digestion of collagen. 
Degradation aside, soil bacteria and fungi 
are also a major source of post-mortem 
alteration of δ13C and δ15N values. 
Heterotrophic bacteria preferentially 
metabolise amino acids with a higher 
number of carbon atoms leading to changes 
in the molecular composition of collagen 
(Grupe 2001). Balzer et al. (1997) examine 
the effects of soil bacteria on the carbon and 
nitrogen isotope compositions of bone 
collagen. The δ13C values shifted more 
negatively whereas the δ15N values shifted 
more positively. Balzer et al. (1997) posit 
that changes to the carbon isotope 
composition arise from modification of the 
amino acid composition by soil bacteria. 
Conversely, changes in the nitrogen isotope 
composition are a consequence of the 
cleavage of peptide bonds in which heavier 
15N atoms preferentially remain in the 
substrate. 
 In environments protected from 
microbial activity, the primary cause of 
collagen deterioration is the hydrolysis of 
peptide bonds leading to the formation of 
protein fragments that will eventually be 
leached from the bone (Collins et al. 1995). 
Smith et al. (2002) observed that rapid 
collagen loss due to hydrolysis may occur in 
histologically unaltered bone. Hydrolytic 
chemical changes can be a product of the 
post-depositional environment or of the 
organism itself. Upon death, the process of 
autolysis causes the chemical digestion of 
cells by hydrolytic enzymes (Pate 1994). 
Grupe (2001) notes that collagen molecules 
are extremely difficult to hydrolyse due to 
strong intra- and inter-molecular bonds. 
Hypothetically, due to the variation in bond 
strength of carbon and nitrogen isotopes, 
lighter isotopes may be preferentially 
hydrolysed resulting in changes to the 
isotopic composition of the collagen. 
 Mediating the impact of microbial 
activity and hydrolysis is the post-
depositional environment. Temperature and 
aridity can either promote or inhibit 
microbiological activity. Temperature 
influences the rates of chemical reactions 
and microbial growth patterns (Child et al. 
1993; Ortner et al. 1972). Bacterial activity 
is greatly reduced at low temperatures 
(Grupe 2001). The effects of microbial 
activity also vary depending on whether the 
bones were cooked or buried with or without 
soft tissues (Hedges 2002). Natural or 
cultural removal of soft tissues inhibits the 
process of putrefaction and the associated 
microbial activity (Pate 1994). Hedges 
(2002) maintains that concentrations of 
solutes and soil pH affect the deterioration 
of collagen through hydrolysis. Grupe 
(2001) argues that overall, the 
decomposition of dead organic matter is a 
function of its burial environment rather 
than time elapsed since burial. 
 
Conclusions 
 It is clear that aside from the 
methodological constraints of producing and 
interpreting isotopic data, there are many 
other factors that must be considered in the 
interpretation of the data. The molecular 
composition of carbon isotopes and their 
frequency within dietary amino acids 
directly affects the accuracy of isotopic 
analyses of the dependency on certain food 
sources in human and animal skeletal 
remains. The isotopic signatures of carbon 
and nitrogen from type I collagen are also 
altered by the physiology of the organism 
itself. The microenvironments in which an 
organism lives, dies, and is deposited can 
have substantial effects on the stable isotope 
compositions of carbon and nitrogen in bone 
or dentinal collagen.  
Contemporary research in stable 
isotope anthropology is focused on further 
understanding the idiosyncrasies of isotopic 
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variation in plants and animals, while 
applying this knowledge to an ecological 
and biocultural understanding of the past. 
Currently, the range and causes of carbon 
stable isotope variation are well understood 
relative to nitrogen. Future research on the 
role of nutrition, disease, stress, seasonality, 
and environment are critical for a more 
holistic understanding of nitrogen stable 
isotope variation in plant and animal tissues. 
Another limitation facing current research is 
the quantification of rates of cellular 
turnover. The timing of cellular metabolism 
of the four primary constituents of bone – 
calcium phosphates, collagen, lipids, and 
non-collagenous proteins – is a relatively 
poorly understood concept. Contemporary 
analyses of the mobility of human and 
animal populations are unable to precisely 
measure the chronology of isotopic changes 
based on known rates of cellular turnover in 
tissues.  
The future of stable isotope analysis 
in archaeology is likely to incorporate 
further advancements from the fields of cell 
biology, physiology, biogeochemistry, and 
molecular genetics as its application to 
understanding the past continues to 
diversify. As the technology and skilled 
technicians required to conduct molecular 
analyses become more accessible, the 
interpretation of stable isotopic signatures in 
human and animal remains will likely 
become an analytical staple in both cultural 
resource management (CRM) and research 
contexts in archaeology, alongside 
radiocarbon dating. Archaeologists rely on 
multiple lines of evidence to accurately 
interpret the past and stable isotope analysis 
provides an opportunity for a multitude of 
biochemical evidence on a variety of 
complex topics. Stable isotope ratios in 
archaeological remains are increasingly 
being used to address questions about 
human socio-economic and political 
systems, status and occupational hierarchies, 
and the movement of people and objects 
across the physical landscape. As the 
complexity and breadth of the discipline 
increases, so will its ability to illuminate the 
past. 
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